Introduction
Today, global warming has become a consensus for most meteorologists since industrialisation, which is attributed to both anthropogenic forcing and natural variability [1] [2] [3] . For example, climate models show that global warming will continue if greenhouse gases (GHGs) enhanced and atmospheric prominent decadal variabilities have been proposed as key factors in climate simulations [4] . However, because of the differences in local regional condition, global warming is inconsistent everywhere. In 2001 Houghton et al. proposed the cooling trend in center North American continent in summer [5] . Subsequently, Pan et al. implied "Warming Hole" for the summer cold regions of North America continent and simulated the "North American Warming Hole" feedback mechanism by local greenhouse gas model; the effects of evaporation, precipitation, and low level jet (LLJ) are analyzed in this region carefully [6] . Kunkel et al. used super multimodel ensemble (MME) program to elaborate the predictability of North American Warming Hole and further discuss the reason for this phenomenon which is from natural variability or boundary condition forcing [7] . The local relative cooling events under global warming have caused widespread concern all over the world [8] .
Climate variability consists of climate signals and noise. Climate signals are variations forced by slowly varying anomalous boundary conditions of the climate system [9] [10] [11] . When the proportion of the climate signal variability is high enough to overcome the destruction effects of noise, the climate anomaly may exhibit a particular degree of predictability [12] . Additionally, climate system does not advance gradually; it changes from one relative steady stage to another in a short time, which is known as an abrupt climate change [13, 14] . Previous studies about developing detection method and dealing with the transition process have shown that some signals can be detected during (before) abrupt climate change [15] [16] [17] .
How to detect the signal of global (trend) and regional climate change is always a central issue in recent climate change studies [18] . Wallace et al. proposed partial least squares (PLS) 2 Discrete Dynamics in Nature and Society to apply dynamical adjustment to remove the surface air temperature trend over extratropical Northern Hemisphere continents during the cold season [19] . Guan et al. followed this idea to investigate the recent warming trend slowdown (WTS) and confirmed that dynamically induced variability caused the WTS over the Northern Hemisphere [20] . It is well known that the globe is getting warmer at a fast speed in the last 30 years, and a lot of papers have discussed the possible mechanism of "hiatus" in the 21st century [21] [22] [23] [24] . However, there is still less concern on this phenomenon in Asia.
Since the 21st century, Asian cold disaster occurred frequently in winter, which makes people's life inconvenient and influences the economic development. For example, most areas of South China suffered historically rare cold disaster in January 2008 [25] [26] [27] , and the Northeast and North China witnessed sustained snow storm from November 2009 to April 2010 [28] . Previous results have analyzed each cold case from different angles to explain the mechanism [29] [30] [31] . However, the overall study of cold events in a long timescale in Asian winter is still lacking under the background of global warming, which is corresponding well with the "hiatus." What is the relationship between cold events and global warming? Will the phenomenon still occur continually or not in the future? For answering these questions, this paper describes materials and methods firstly, defines Asian Warming Hole (AWH) index to represent the variation of Asian surface temperature, analyzes the characteristics of Asian continent cold events in the early 21st century under global warming, investigates the linkage of AWH to atmospheric circulation, and summarizes conclusions at last.
Methods and Data
This paper mainly used NECP/NCAR (National Centers for Environmental Prediction/National Center for Atmospheric Research) Reanalysis 2 monthly average global temperature and geopotential data [32] , which has a spatial resolution of 2.5 ∘ × 2.5 ∘ for 1979-2012, with 17 levels from 1000 hPa to 10 hPa. All data have been calculated anomalously (relative 1979-2012) . The AO index used in this study is published by CPC (Climate Prediction Center).
The methods include empirical orthogonal function (EOF) decomposition to get domain and principal components (PC), correlation analysis, and wavelet analysis. EOF is used in this study to depict the features of meteorological fields, and it is useful to simplify the complexity in calculation. The basic premise of EOF is that a series of meteorological fields are decomposed into linear combinations of eigenvectors and corresponding time series [33] . EOF is expressed as
where × is a collection of spatiotemporal series with spatial dimensions that are each observed times ( = 1, . . . , = ) and arrays × and × are called empirical orthogonal functions of space and time (PC), respectively.
The winter time present here is from December this year to February next year. Figure 1 is EOF1 spatial pattern and its PC for Asian continent temperature anomaly at 1000 hPa level for nearly 30 years. As can be seen, there is a strong negative center over northwest Asia (60 ∘ -70 ∘ N, 90 ∘ -120 ∘ E), which makes the high latitude regions in a cold pattern. Combining with PC1 (Figure 1(b) ), Asian region shows a warming trend from last century to the beginning of 21st century, which is corresponding well to the trend of global warming. However, when the PC1 in winter time (Figure 1(c) ) is selected, the interdecadal trend of winter temperature is not consistent with the trend of global warming. Asian winter temperature is in cold phase before 90s and then becomes warm until 21st century, but it returns to a cold trend since 2007. From historical observation trend and 9-point running mean, the PC1 changes to positive since 2010, reaches a peak in 2011, and maintains a positive phase, which indicates that, in recent 4 years, the winter in Asian continent is indeed in a cold phase. Since the beginning of the 21st century, there exists a cooling trend in the Asian continent temperature in winter under the background of global warming, which is similar to the North American continent temperature in summer. An important issue presented by this phenomenon is to analyze the characteristics.
Results and Discussion

Characteristics of Cold Event in the Early 21st Century.
Characteristics of AWH.
In this study the key region of temperature field for Asian winter cold event is identified by 2007-2011 minus [2002] [2003] [2004] [2005] [2006] , using the period of cold phase minus the former period. As shown in Figure 2 (a) there is a significant negative region in central Asia, with the difference exceeding −9 ∘ C. As the "Warming Hole" phenomenon from North American continent, we define this region as the key area of AWH (75 ∘ E-125 ∘ E, 52.5 ∘ N-65 ∘ N), and the average over this region is defined as AWH index. The correlation coefficient between winter temperature field at 1000 hPa level and AWH index is calculated as shown in Figure 2(b) . The AWH index can capture the characteristics of winter temperature field in Asia because the correlation coefficient in most regions of Asian continent is above 99% confidence level. Figure 3 shows the variation of AWH index; it is always in positive phase before 2007 except for 1980s and then begins to decline since 2007 turning to negative phase, which is similar to Figure 1 (c) meaning that the AWH index can indicate the strength and cycle of Asian continent cold event. From historical data it is not the first time for AWH index in cold trend since 1979; comparing with a similar history period of 1983-1987, the 21st century cold event is colder and the duration is relatively longer.
The wavelet analysis of AWH index is calculated in Figure 4 , which shows that there is a decadal cycle since early 1980s; and a significant 4-year cycle appears after early 21st century. cycle. Therefore, the winter cold events still need to be paid attention to regarding their occurrence and development in this region in the future. The results of the trend and cycle of AWH index indicate that Asian winter temperature reaches its minimum value in 2011 and will be higher in the coming 3-4 years comparing with 2011 winter. Based on the above results it shows that the AWH index can well characterize the trends and intensity of the Asian continent cold events and it can measure the variation of winter temperature in this region. circulation, such as AO and NAO (North Atlantic Oscillation) [34] [35] [36] [37] . The atmospheric oscillation is a significant precursor factor, so the correlation coefficient between AWH index and geopotential field at 500 hPa level is calculated, as shown in Figure 5 . The different color represents the areas exceeding 90%, 95%, and 99% confidence level separately by -test. In Figure 5 , the correlation coefficients above 99% confidence level are mostly over high latitudes, which is like the AO pattern. There are negative center over polar vortex and two positive centers over Asian, Atlantic, and European areas in high latitudes. To prove whether AWH relates to AO well, Figure 6 is their variation in winter time. It is obvious that they are similar in cycle and trend during 99 months (33 years × 3 months) and better consistent in recent years. These results mean that the Asian cold events can be reflected by Discrete Dynamics in Nature and Society 5 atmospheric circulation, and AO may play a very important role.
The Relationship between AWH and
Conclusions
In this paper we analyze the feature of Asian cold event in winter in the early 21st century under global warming, propose AWH index to measure the intensity of cold events in the process, and analyze the relationship between AWH index and atmospheric oscillation. Result shows that the winter temperature in Asian continent in the 21st century is indeed experiencing a cold phase under global warming, which is similar to the historical period of 1983-1987, but the intensity is stronger and lasts longer. The AWH index reaches its minimum value in 2011; combining with a significant fouryear period, the Asian temperature in winter will be warmer in next 3-4 years compared with 2011. The significant period of AWH index is a very important key to forecast the climate trend of Asian temperature in winter. The linkage of AWH to atmospheric circulation is close over high latitudes in the Northern Hemisphere, and AO may play a very important role. When AO is strong, it drives the cold air from high latitudes to low latitudes, reducing the temperature over Asia and triggering the occurrence of cold events. From the observation data it is significant that Asia becomes warmer in winter these years after 2011, which proves the effectiveness of the method in this paper. When the surface warms, the water vapor concentration in the lower atmosphere increases by roughly 7% per ∘ C of surface warming, which is consistent with the Clausius-Clapeyron equation and fixed relative humidity [38, 39] . So if the Asian temperature keeps in a warm phase, the moisture will increase in atmosphere, and the precipitation may increase correspondingly in the future. However, there is some uncertainty in this conclusion because the moisture is just one of the elements for precipitation; the atmospheric motion is also very important. Previous studies have shown that, under the background of global warming, most parts of Asia will be milder with enhanced moisture in winter, and the Asian winter monsoon (AWM) will weaken [40, 41] . Moreover, evaporation cannot be neglected as an essential part of the hydrologic cycle, which is of great significance for global hydrologic cycle and energy budget [42] [43] [44] [45] . The evaporation is more complex and there is uncertainty in China under global warming [46] .
Because this paper just investigates the features of temperature and atmosphere based on observation data, all the conclusions are statistical results by using statistical methods, and more critical research plans should be designed such as numerical simulation to explain the mechanism of this phenomenon in the future.
